Abstract. Studies were conducted to characterize larval habitats of anopheline mosquitoes and to analyze spatial heterogeneity of mosquito species in the Suba District of western Kenya. A total of 128 aquatic habitats containing mosquito larvae were sampled, and 2,209 anopheline and 10,538 culicine larvae were collected. The habitats were characterized based on size, pH, distance to the nearest house and to the shore of Lake Victoria, coverage of canopy, surface debris, algae and emergent plants, turbidity, substrate, and habitat types. Microscopic identification of thirdand fourth-instar anopheline larvae did not yield any Anopheles funestus or other anophelines.
Malaria parasite transmission depends on the availability of competent mosquito vectors. 1 In Kenya, Plasmodium falciparum prevalence rates in human generally exceed 50% throughout the endemic zones. The primary malaria vectors include species in the Anopheles gambiae complex and An. funestus. Three species in the An. gambiae complex occur sympatrically in Kenya, including An. gambiae sensu stricto (hereafter referred to as An. gambiae), An. arabiensis, and An. merus. 2, 3 Several studies have examined the relationships between vector population density, the transmission of malaria parasites measured by entomologic inoculation rates, and malaria infection and disease in Kenya. [3] [4] [5] [6] [7] [8] [9] These studies have revealed significant differences in vector densities between western Kenya and coastal Kenya. A recent review by Beier suggests that to achieve meaningful reduction in malaria prevalence, the entomologic inoculation rates should be reduced to a level as low as 1 infective bite per year. 10 If mosquito infection rates are constant, vector populations must be reduced to very low densities to decrease malaria prevalence by the means of vector control.
A potentially important target of malaria vector control is anopheline larvae. Source reduction through modification of larval habitats was the key to malaria eradication efforts in the United States, Israel, and Italy. 11 It is conceivable that appropriate management of larval habitats in the sub-Saharan countries, particularly during the dry seasons, may help to suppress vector densities and malaria transmission. However, our understanding of anopheline larval ecology is limited, and the knowledge is insufficient to achieve effective vector control through the means of larval control. 12 For example, it is unknown what causes spatial heterogeneity in vector abundance and distribution, and how the mosquito larval abundance is regulated in the diverse aquatic habitats.
A basic understanding of the aquatic stages of vectors would be extremely relevant to malaria control. 13 The larval ecology of African malaria vectors has been a neglected area of vector research. Entomologists have traditionally been reluctant to study larval ecology. 14, 15 One major reason for the lack of ecologic studies on anopheline larvae is the difficulty involved with larval sampling from aquatic habitats in the field, particularly when many larval habitats are not permanent. Now new tools such as a geographic positioning system (GPS) and a geographic information system (GIS) are now available for mapping larval habitats, and simple molecular techniques are available for taxonomic identification of anopheline larvae. 16 In the present study, we used these new tools and characterized anopheline larval habitats in the Suba District in western Kenya. We examined the spatial distribution of malaria vectors and determined correlations between biotic and abiotic environmental factors and the abundance of anopheline larvae.
MATERIALS AND METHODS
Study area. The Suba district is located in Nyanza Province in western Kenya (Figure 1 ). Lake Victoria surrounds the north, west and south sides of the district. The highest point in the district is Gwassi Hills (2,270 m altitude) located in the west side of the district. The average annual rainfall is 1,152 mm, and the minimum and maximum temperatures are 17.9ЊC and 33.6ЊC, respectively. Peak rainfall generally occurs between March and May, and the greatest rainfall occurs in hilly areas. The district has a population of 115,896 according to the 1989 census. Malaria is the leading cause of morbidity, constituting 42-48% of all illness clinically diagnosed at the Suba district hospital, and the prevalence for malaria parasites ranges 24.4% to 99.0%. 17 Most malaria cases occur in July following the long rainy period.
Larvae sampling. Mosquito larvae were collected from aquatic habitats in Suba District between February and March 1997. The rainfall amount in January 1997 in western Kenya was exceptionally large as a consequence of an El Niño event. Thus, larval sampling was conducted during the first 3-9 weeks of the dry season. A habitat was first inspected for the presence of mosquito larvae. When mosquito larvae were present, 3-18 dips were taken with a standard mosquito dipper (350 ml) at each site. Mosquito larvae were then immediately preserved in 100% ethanol. In the laboratory of Mbita Point Field Station, International Centre of Insect Physiology and Ecology (ICIPE), all larvae were examined microscopically, and anopheline larvae were further separated from culicine larvae. Anopheles gambiae s.l. larvae were transferred to new vials and preserved in 100% ethanol for subsequent DNA analysis.
Larval habitat characterization. Environmental variables recorded for each habitat were water depth, pH, water surface area, distance to the nearest house, canopy coverage, surface debris coverage, algal coverage, emergent plant coverage, turbidity, habitat type, and substrate type. Distance to the nearest house was measured with a tape when it was shorter than 100 m. When the distance exceeded 100 m, it was estimated visually. The distance to the nearest house was categorized into 7 classes (e.g., 1 ϭ 0-100 m, 2 ϭ 101-200 m, and so on, and 7 for distances greater than 700 m). Canopy cover was defined as the amount of terrestrial vegetation and other objects above the habitat. Emergent plants included both aquatic and immersed terrestrial vegetation. Plant coverage of a habitat was measured in percentage of waster surface covered by placing a square frame (1 m 2 ) with grids (100 cm 2 ) above the habitat. Turbidity was measured by placing water samples in glass test tubes and holding against a white background, and classified into 4 levels: clear, low, medium, and high. The habitat types included animal footprints, pond (water area larger than 50 m 2 ), stream pool, puddle (water area less than 50 m 2 ), water tank, and tire track. Substrate types were classified into muddy, sandy, gravel with soil, and artificial substrate without soil (e.g., concrete or brick). The coordinates of each sampling site were recorded with a hand-held GPS, and were later integrated to a GIS database. For each site, the distance to the nearest lakeshore was estimated using GIS.
Species identification with a rDNA-polymerase chain reaction (PCR). The PCR analysis was conducted for species identification using the rDNA-PCR method because individual species within the An. gambiae species complex cannot be identified by morphology alone. 16 If the initial PCR testing failed to amplify for a sample, then the PCR analysis was repeated once or twice until successful amplification was achieved. If a sample could not be identified after 3 PCR amplifications, it was scored as unknown. Correlation between environmental variables. The environmental variables that we assessed can be classified into 3 categories: continuous, ordinal, and nominal variables. Continuous variables include pH, habitat water depth, habitat area size, coverage of plant canopy, algae, debris, emergent plants, and distance to the shore of Lake Victoria. There was 1 ordinal variable: turbidity. Nominal variables include habitat type and substrate type. We first examined the correlation between pairs of continuous or ordinal variables using simple correlation coefficients. Distances to the nearest house and to the shore of Lake Victoria were not used in this analysis because there was no logical association between these 2 variables and the other environmental variables. Associations between nominal variables (habitat and substrate types) and the continuous or ordinal variables were evaluated using the Wilcoxon non-parametric test. 18 Association between environmental variables and the occurrence of mosquito larvae. Multiple logistic regression analyses were used to determine the association between environmental variables and the occurrence of anopheline and culicine larvae. The occurrence of a species (or a subfamily) is defined as the presence of a particular species (or a subfamily) in a sample regardless of its density. Multiple linear regression analyses were used to determine the correlation between environmental factors and the relative abundance of An. arabiensis and An. gambiae larvae in a habitat. The relative abundance of An. gambiae was calculated as the number of An. gambiae larvae divided by the total number of An. gambiae s.l. larvae in a sample. The dependent variable (relative abundance of a species) was arcsine transformed. All variables measured in percentage were also arcsine transformed. Other continuous variables were log 10 transformed.
Spatial heterogeneity in An. gambiae species composition. To test the geographic heterogeneity of anopheline species composition across the Suba district, we divided the habitats into 10 enumeration zones (ϭ villages; Figure 2 ). The nested analysis of variance (ANOVA) was used to examine whether the relative abundance of An. gambiae varied among the enumeration zones. The relative density of An. gambiae was arcsin transformed. Each habitat was nested within the enumeration zones, and was treated as a random effect. 18 
RESULTS
Larval sampling. A total of 128 mosquito-positive larval habitats within the Suba District were sampled (Figure 1 ). Anopheline larvae were found in 117 habitats, and 42 of these habitats (32.8%) had only anophelines (Table 1) . Culicine larvae were found in 86 sites, and 11 of these habitats (8.6%) had only culicines. The habitat type distribution for the habitats with anophelines only or culicines only was different (Table 1; 2 ϭ 18.8, degrees of freedom [df] ϭ 5, P Ͻ 0.01). Both anopheline and culicine larvae were found at 75 habitats (58.6%), suggesting that the mosquito larvae from the subfamilies Culicinae and Anophelinae coexist in Table 2 . Eight of 28 correlation coefficients (28.6%) were statistically significant, suggesting non-random association between some pairs of variables. For example, emergent plant coverage was positively correlated with the depth of the larval habitats because deeper habitats are usually permanent habitats that allow plants to establish and grow, while plants can not establish in temporary habitats. Non-random association was also observed between the nominal and continuous/ordinal variables (Table  3) . For example, non-random association was detected between algal coverage and substrate type and habitat type. This is not surprising because rock is a better substrate for algae to grow than the mud or soil substrates. The average algal coverage for rock substrate was 46.6%, but only 12% for mud, and no algal coverage was observed for soil substrate. Some habitats (e.g., permanent pools or ponds) are more suitable for algae than others (e.g., water tank and animal footprints). Nonrandom associations among the environmental variables suggest that the variables examined were not independent.
Association between occurrence of mosquito larvae and environmental variables. Multiple logistic regression analysis did not detect any variable significantly correlated with the occurrence of anophelines, but it detected 3 variables (pH, canopy coverage, and debris coverage) significantly associated with the occurrence of culicines. Multiple logistic regression analysis did not detect any variable that was significantly associated with the occurrence of either species.
Association between environmental variables and the species composition of Anopheles gambiae s.l. larvae. Within the An. gambiae species complex, only 2 species (An. gambiae and An. arabiensis) were found in our samples, and the relative abundance of each species varied among larval habitats. We tested whether the An. gambiae s.l. species composition was associated with the measured environmental variables. Multiple linear regression analysis did not detect any variables significantly associated with the relative abundance of An. gambiae (Table 4) . Principal component analysis found that the 2 most important principal components accounted for only 24.8% of total variance in the relative abundance of An. gambiae, far below the 80% threshold required for statistical significance.
Spatial heterogeneity in Anopheles gambiae s.l. species composition. Anopheles gambiae s.l. species composition varied significantly among the 10 enumeration zones (Table  5 ; P Ͻ 0.05, by ANOVA). A higher proportion of An. gambiae larvae was found in the southern area of the district than in the northern area (Figure 2 ). When larval habitat and enumeration zone were included in the ANOVA model, we found that 2 other variables (distance to the nearest house and substrate type) also significantly affected An. gambiae s.l. species composition. Larval populations in habitats close to the houses have a higher proportion of An. gambiae than habitats at a greater distance from the houses. This may be explained by the limited flight distance of the gravid An. gambiae females. These results do not contradict the results of the multiple linear regression analysis that did not detect any significant variable (Table 5 ) because the multiple linear regression analysis did not consider the effects of larval habitats and enumeration zone. The significant variation in An. gambiae relative abundance among enumeration zones within the Suba District provides evidence of spatial heterogeneity in An. gambiae s.l. species composition.
DISCUSSION
Although anopheline mosquitoes are the most important malaria vectors in Africa, little is known about their life history traits, including female oviposition and larval development. This study characterized larval habitats and examined spatial heterogeneity of anopheline mosquito species composition in the Suba District in western Kenya. A number of traits were used to characterize the larval habitats, including pH, distance to the nearest house and to the shore of Lake Victoria, canopy coverage, surface debris coverage, algal coverage, emergent plant coverage, turbidity, substrate and habitat types. We found significant spatial heterogeneity in An. gambiae s.l. species composition among the larval habitats, but did not identify key environmental variables that determine anopheline occurrence and abundance. We believe that the spatial heterogeneity in An. gambiae s.l. species composition may be affected either by many variables, each of which has a small effect, or by other important variables that have not yet been measured under field conditions. This is consistent with the results of Robert and others, who found that the occurrence and abundance of An. arabiensis larvae in permanent habitats (market-garden wells) in Dakar, Senegal, are determined by many physicochemical and biological variables. 19 The environmental variables that we examined were not independent of each other. Therefore, to examine the association between mosquito occurrence/abundance and environmental variables, multiple linear or multiple logistic regression analysis is more appropriate than simple linear or logistic regressions. 19 Although we did not detect any statistically significant associations between the environmental variables and mosquito occurrence and abundance, we did find significant spatial heterogeneity in the species composition of anopheline larvae. More interestingly, when the geographic locality was considered in the ANOVA, we found that distance to the nearest house significantly affected the anopheline species composition. Further analysis found a negative association between the relative abundance of An. gambiae and the distance to the nearest house, suggesting that An. gambiae prefers laying eggs in habitats near houses.
Spatial heterogeneity of anopheline larval species composition may also be influenced by other important factors. The first is variation in adult species composition among sites. In the Suba district, An. gambiae is the predominant species. Among the 30 sites that we sampled using the indoor pyrethrum spray catch (PSC) methods in June-July 1997 (after the long rains), An. gambiae constituted 57.3% of the adult anopheline population, An. arabiensis contributed 36.2%, and An. funestus 6.5% (Mutero CM, unpublished data) . This result is in sharp contrast with the species composition of the larval population where An. arabiensis is the predominant species (63.4%). The differences in species composition between larval and adult populations probably reflect differences in the feeding and resting behavior between the 2 species. Anopheles gambiae is anthopophilic and endophilic, but An. arabiensis shows a broader latitude of feeding and resting behavior. [20] [21] [22] [23] In the adult population, the proportion of An. gambiae ranged from 26.7% to 94.3% per site (Mutero CM, unpublished data) . However, the species composition for adults captured in the PSC collections does not explain the variation in larval species composition because no significant correlation was found between adult and larval species composition. We have not yet sampled the outdoor resting populations of anophelines in the Suba District. In Tanzania, significantly more An. arabiensis adults than An. gambiae adults were collected in areas where cattle were kept by Masai people. 24, 25 Thus, livestock density as well as human density could be a potentially important factor that influences larval and adult species composition.
The second factor that may influence larval species composition is oviposition behavior of gravid female mosquitoes. It is unknown whether An. gambiae and An. arabiensis differ in their oviposition behaviors. Generally, anopheline larvae prefer open sun-lit waters. 26 Water temperatures of small sun-lit pools often reach close to 40ЊC. Anopheles gambiae s.l. is tolerant to relatively high water temperatures. [27] [28] [29] The warm water in sun-lit habitats may be an important factor for larval development because warm water accelerates their development. 30 In nature, selective pressure from larval predators for mosquito larvae to complete this life stage earlier could be tremendous. 31 In addition, warm temperatures may allow more microorganisms to grow, which provide food sources for mosquito larvae. It is likely that An. gambiae and An. arabiensis have different requirement for their larval habitats. Support for this comes from rice irrigation areas in western and central Kenya where An. arabiensis is the predominant or sole malaria vector species, despite the occurrence of An. gambiae in surrounding rural habitats. 23, 31 In several sites in the Suba District (Ruri, Rushinga, and Ogongo; Figure 2 ), larval species composition is quite similar to that in rice irrigation areas: more than 90% of larvae samples were An. arabiensis. However, rice is not planted in the Suba District.
McCrae reported that An. gambiae prefers petri dishes with a dark background for oviposition, and hypothesized that anopheline mosquitoes prefer turbid water to clear water for oviposition. 32 Our results do not support the hypothesis that anopheline mosquitoes prefer turbid water. In the laboratory, An. gambiae lays more eggs in flooded or moist soil than in the water without soil (Minakawa N, unpublished data). Indeed, our field data identified a significant association between substrate type and An. gambiae abundance when the variation among geographic locations was considered. We found that anopheline larvae generally do not like shaded habitats, such as water tanks without soil substrates. Soil may provide nutrients for the enrichment of bacteria that serve as food source of larvae, and possibly as oviposition attractants.
The third factor is predators of mosquito larvae. Predators may play an important role in regulating populations of An. gambiae s.l. in rice fields. 31, 33 In the permanent larval habitats such as ponds and pools, predators such as predatory beetles and fishes were observed, and they could suppress the abundance of mosquito larvae. We observed co-existence between anopheline and culicine larvae in the majority of the larval habitats (Table 1) ; however, our data did not provide information on the intensity of interspecific competition between anopheline and culicine larvae. Interspecific associations between mosquito species and between predators and mosquito prey may be important in determining the abundance of anopheline larvae.
The present study examined the aquatic habitats that contained mosquito larvae. While such a design allowed us to focus on the distribution and species composition of anopheline larvae among suitable larval habitats, it had 3 limitations. First, we examined habitats that contained mosquito larvae; unsuitable habitats in which gravid females do not lay eggs or mosquito larvae do not develop were not studied. Although many suitable habitats may not contain mosquito larvae in nature, inclusion of habitats without mosquito larvae in the sampling scheme may provide information on the association between habitat variables and suitability of a habitat for mosquito establishment. Second, An. funestus larval habitats were not identified and characterized. Anopheles funestus constituted of 6.5% of the anopheline adults captured in the PSC collections in the Suba District (Mutero CM, unpublished data), but no An. funestus were found in our larval collections. Third, the possibility that other anopheline species were present in the first-and second-instar larvae cannot be excluded, although the likelihood of misidentifying other anopheline species as An. gambiae s.l. may be small. Among the anopheline specimens that we examined by PCR, only 5.6% of the specimens were not amplified. This success rate of PCR amplification was the same as with ethanol-preserved An. gambiae s.l. adult specimens.
In summary, we have characterized larval habitats of anopheline mosquitoes and examined spatial heterogeneity of mosquito species composition in the Suba District in western Kenya. We found that An. arabiensis was the predominant species in the larval samples. We also detected significant spatial heterogeneity in the species composition of anopheline larvae. However, we did not identify key environmental variables that determine the occurrence and relative abundance of anopheline larvae. These results suggest that the abundance of anopheline larvae may be determined by many variables with each contributing a small effect, or simply that we have not yet identified the most important variables through our field studies. To better elucidate the association between anopheline larval occurrence/abundance and environmental variables, further research should examine more variables, including detailed analysis on the water chemistry, and integrate remote sensing technology and the ecology of mosquito predators.
